INTRODUCTION {#SEC1}
============

*Borrelia* species possess highly segmented genomes, harboring multiple circular and linear replicons. The prototype *Borrelia burgdorferi* B31 genome possesses a linear chromosome and 23 plasmids that are a mix of circular and linear replicons ([@B1]). The linear replicons are terminated by covalently closed DNA hairpins, structures called hairpin (hp) telomeres ([@B4]).

Our current understanding of the replication cycle of the linear replicons is that DNA replication initiates internally and proceeds bidirectionally toward the hp telomeres ([@B7],[@B8]). Replication around the hp telomeres would produce an inverted repeat dimer joined by replicated telomere (*rTel*) junctions. The resulting intermediate has been replicated, but cannot be segregated to daughter cells, until a specialized DNA breakage and rejoining reaction, referred to as telomere resolution, occurs at the *rTel* junctions. Telomere resolution liberates a pair of linear replicons terminated by hp telomeres. *rTel* junctions are processed *in vivo* and *in vitro* into two hp telomeres ([@B9],[@B10]). The essential specialized telomere resolvase that performs this reaction for *Borrelia* is known as ResT ([@B11],[@B12]). A similar replication strategy has been demonstrated for the lysogen of the N15 bacteriophage; the N15 prophage exists as a linear plasmid terminated by hp telomeres ([@B13]).

ResT, and other characterized telomere resolvases, catalyzes telomere resolution by a 2-step transesterification reaction with similarity to that promoted by type 1B topoisomerases and tyrosine recombinases ([@B9],[@B16]). A detailed view of the reaction mechanism can be found in ([@B21]). In the simplest view, the essential role of ResT in the cell cycle would be to resolve dimeric replication intermediates to allow cell division. A prediction of this model is that ResT insufficiency would result in a failure to resolve replicated intermediates, leading either to a filamentous phenotype or to a guillotining of the unresolved intermediates by continued cell division. Recent *in vivo* and *in vitro* results suggest a more complex role.

A *B. burgdorferi* strain with conditional expression of ResT was examined for the effect of ResT depletion ([@B12]). Growth arrest occurred 48 h after ResT shutoff. Among several unexpected phenotypes, were arrest of DNA replication at 48 h and the failure of the cells to filament. Starting 24 h after ResT shutoff, unit sized linear DNAs disappeared and became progressively more complex, slowly migrating forms that had a roughly equal mix of hp telomeres and replicated, but unresolved*, rTel* junctions. This suggested the linear plasmids examined were present in partially replicated, and possibly strand-exchanged, forms. The observed arrest of DNA replication suggested that ResT may interact directly, or indirectly, with the DNA replication machinery ([@B12]).

An additional report suggested a more complex role, for ResT, in hp telomere metabolism. ResT was found to possess single-strand annealing activity and the ability to promote limited strand exchange between single-stranded DNA (ssDNA) donors and homologous partial duplex DNAs ([@B22]). We speculated that these activities could indicate that ResT may be needed to promote daughter strand gap repair in cases where the replisome was unable to fully denature the template DNA near the hp telomere to complete DNA synthesis ([@B22]). Daughter strand gap repair is normally promoted by RecA action, mediated by the RecFOR proteins, in the RecF DNA repair pathway ([@B23]). *B. burgdorferi* possesses RecA, but otherwise lacks identifiable components of the RecF pathway, excepting RecJ, which also participates in mismatch repair ([@B1],[@B27]).

In this report, we extend our findings that ResT can promote annealing of complementary ssDNA to show that ResT can promote this reaction with the physiological substrate of ssDNA complexed with its cognate ssDNA binding protein (SSB). Furthermore, we demonstrate that ResT interacts with SSB via the conserved amphipathic C-terminal tail (Ct) of SSB. Eubacterial ssDNA binding proteins serve as general assembly platforms for the recruitment of DNA replication, recombination and repair enzymes to sites of SSB-complexed ssDNA ([@B28]). The observed interaction of ResT with SSB and its ability to promote single-strand annealing of SSB complexed ssDNA are properties held in common with the recombinational mediator, RecO, of the RecF pathway.

MATERIALS AND METHODS {#SEC2}
=====================

DNAs {#SEC2-1}
----

All oligonucleotides were purchased from Integrated DNA Technologies (IDT). The chromosomally encoded SSB from *B. burgdorferi* B31 (locus BB_0114, protein id number AAC66492.1) was synthesized as a reading frame codon-optimized for expression in *Escherichia coli* K12 and blunt-end cloned into pIDTSMART-AMP and verified by DNA sequencing (purchased from Integrated DNA Technologies). This plasmid was used for subsequent cloning into pET15b for expression in *E. coli*. The sequence of the codon-optimized SSB reading frame and of the oligonucleotides used in this study are presented in the Supplementary Material and Methods section (oligonucleotides in Supplementary Table S1).

Proteins {#SEC2-2}
--------

Antarctic phosphatase was purchased from New England Biolabs and is a heat-labile alternative to alkaline phosphatase. Pronase was purchased from Sigma and is a mixture of several nonspecific endo- and exoproteases derived from *Streptomyces griseus* that digest proteins down to single amino acids.

*E. coli* SSB (EcSSB) was purchased from Promega. ResT was purified as reported in ([@B16],[@B22]). *B. burgdorferi* SSB and SSBΔC5 were made as N-terminal His-tagged versions by amplification from a codon-optimized synthetic gene with primers OGCB643/644 and OGCB643/668, respectively, and were cloned into NdeI/BamHI digested, gel-purified pET15b by digestion of the polymerase chain reaction (PCR) products with NdeI and BamHI, followed by gel purification and ligation. Cloning into pET15b fuses SSB to the N-terminal His-tag present in the expression vector. The expression clones were made, verified by sequencing and archived in strain NEB5α (New England Biolabs). The expression plasmids were transformed into the Rosetta strain (Novagen) for expression. SSB and SSBΔC5 were purified as reported in the Supplementary Material and Methods section.

Oligonucleotide annealing assays {#SEC2-3}
--------------------------------

Annealing reactions with 'naked DNA' were performed by mixing 15 nM unlabeled oligonucleotide OGCB665 into reaction buffer (25 mM Tris-HCl, \[pH = 8.5\], 0.1 mM EDTA and 100 mM NaCl). This mixture was chilled on ice for 2 min, to inhibit the rate of spontaneous annealing. 15 nM 5′-^32^P-end-labeled oligonucleotide OGCB664 and ResT were added followed by incubation at 30°C. Timepoints were taken by removing 18-μl aliquots, from the 120-μl master annealing reactions to tubes with pre-aliquoted sodium dodecyl sulfate (SDS) stop dye containing excess unlabeled OGCB664 to prevent further annealing after reaction termination. The 5X stop dye contains 100 mM Tris-HCl (pH 7.6), 10 mM MgCl~2~, 3% SDS, 30% glycerol, 0.024% bromophenol blue and 600-nM unlabeled reporter oligonucleotide.

Samples were deproteinated by addition of load dye supplemented with 50 μg/ml pronase, followed by incubation at 30°C for 15 min, prior to gel loading. Annealing assays with 'SSB-complexed DNA' were performed, as noted above, except with separate pre-incubation of OGCB664 and OGCB665 with 130 nM SSB at 30°C for 5 min. Annealing was initiated by mixing the SSB-complexed OGCB664/665 followed by addition of ResT at the concentration indicated in the figure legends. The incubations were continued at 30°C. Samples were deproteinated, as noted above, prior to gel loading. Electrophoretic analysis was performed on 20 × 20 cm vertical gels with 8% polyacrylamide gel electrophoresis (PAGE) 1XTAE/0.1% SDS at 13 V/cm for 105 min followed by gel drying, exposure of the gels to phosphor screens and analysis on a BioRad FX phosphorimaging machine. Reactions were performed in triplicate and the data were quantitated with BioRad\'s Quantity One software according to the manufacturer\'s instructions. Reaction curves and statistics were generated with Prism\'s GraphPad 6.0.

Plasmid annealing assays {#SEC2-4}
------------------------

5′-^32^P-end-labeled pUC19 ssDNA was prepared by BamHI digesting pUC19 DNA followed by dephosphorylation with antarctic phosphatase, and by end-labeling with T4 polynucleotide kinase. Enzymes, adenosine triphosphate and buffer were removed/changed with G-25 Sephadex microspin columns. ssDNA was generated for the annealing experiments by heat treatment conducted in a PCR machine (99.9°C, 5 min) followed by snap cooling of the denatured DNA in ice water to prevent reannealing. Annealing reactions were performed in 25 mM HEPES (pH 8.2), 2 mM MgCl~2~, 2 mM DTT and 50 mM NaCl with the concentrations of substrate and protein indicated in the figure legend. The annealing reactions were conducted at 37°C for the times indicated and samples were deproteinated by addition of SDS load dye (see above) to a 1X concentration. Pronase was added to 50 μg/ml followed by an additional 15 min incubation at 37°C. The 0.7% agarose 1X TAE gel was run at 1 V/cm for 15 h. The gels were dried onto Hybond N membranes for autoradioaugraphy.

Data analysis {#SEC2-5}
-------------

Initial rate data were analyzed using GraphPad PRISM version 6 for Macintosh. Differences between annealing or strand exchange initial rates were examined using unpaired *t*-tests. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001 and \*\*\*\**P* ≤ 0.0001.

Electrophoretic mobility (co)-shift assays {#SEC2-6}
------------------------------------------

Binding reactions with 15 nM 'naked' 5′-^32^P-end-labeled 664\* were performed in annealing assay buffer (25 mM Tris-HCl \[pH 8.5\], 0.1 mM EDTA) with 40 mM NaCl by incubation at 20°C for 10 min with the concentration of ResT indicated in the figure legend. The NaCl concentration was adjusted to 100 mM and the incubation was continued for an additional 10 min. SSB-complexed 664\* was generated by pre-binding 664\* (525 nM nucleotides) with 130 nM SSB in annealing assay buffer with 40 mM NaCl at 20°C for 10 min. The salt concentration was adjusted between 100- and 350 mM NaCl and ResT was added to the noted final concentrations, followed by subsequent incubation at 20°C for 10 min prior to gel loading. The samples were prepared for gel loading by addition of 5X load dye to a 1X concentration. 5X load dye contains 200 mM EDTA (pH 8), 32% glycerol and 0.024% bromophenol blue.

Protein--protein crosslinking {#SEC2-7}
-----------------------------

Protein--protein crosslinking was conducted in a buffer containing 25 mM HEPES (pH 8.2), 0.1 mM EDTA and either 100- or 200 mM NaCl. Reactions containing 900 nM SSB and/or 900 nM ResT were incubated at 30°C for 15 min prior to addition of glutaraldehyde to a final concentration of 0.001%. The crosslinking reaction was allowed to proceed at 20°C for 5 min. Excess glutaraldehyde was quenched by addition of Tris-HCl (pH 8.5) to a final concentration of 100 mM prior to gel loading. The samples were prepared for gel loading by addition of 5X SDS-load dye to a 1X concentration followed by denaturation of the samples at 95°C for 6 min. 5X SDS-load dye contains 250 mM Tris-HCl (pH 6.8), 500 mM 2-mercaptoethanol, 10% SDS, 50% glycerol and 0.5% bromophenol blue.

RESULTS {#SEC3}
=======

We have previously reported that ResT can promote single-strand annealing reactions and limited strand exchange between single-stranded donor DNA and partial duplex targets ([@B22]). Additionally, *B. burgdorferi* lacks the highly conserved RecF pathway ([@B1],[@B29]). We were interested to discover whether ResT shared any of the properties of the single-strand annealing protein, RecO, of the RecF pathway, and could, thereby, replace some of the missing functions. To test this we determined if ResT shares RecO\'s unusual ability to anneal complementary strands bound by cognate ssDNA binding protein (SSB).

ResT promotes single-strand annealing with SSB-complexed ssDNA {#SEC3-1}
--------------------------------------------------------------

We obtained recombinant *B. burgdorferi* SSB by construction of a synthetic mini-gene, codon-optimized for expression in *E. coli*. Expression from an IPTG-inducible T7 RNA polymerase system yields, after Ni-NTA and Heparin Sepharose column chromatography, ∼15 mg of purified (\>95%) SSB from 1 l of induced culture (see the Supplementary Material and Methods section). We examined the ability of ResT to promote annealing of complementary single strands complexed with SSB. We used an annealing assay with a pair of complementary 35-nt oligonucleotides (see the Materials and Methods section and Figure [1](#F1){ref-type="fig"}). Briefly, the assay involves mixing a radiolabeled reporter DNA strand with an equimolar amount of cold complementary strand and following the conversion of the ssDNA into duplex DNA on native PAGE gels. The annealing reactions are terminated by addition of SDS load dye containing pronase and and excess unlabeled reporter oligonucleotide that sequesters any remaining unlabeled complementary strand, freezing the annealing reaction at the point of termination ([@B22],[@B30]). The timecourses documented in Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"} indicate that spontaneous annealing of our model ssDNAs was slow and that pre-incubation with a saturating concentration of SSB yielded a similar slow annealing rate. Addition of 112 nM ResT either to 'naked ssDNA' or 'SSB-complexed ssDNA' annealing reactions yielded stimulated annealing reactions. ResT promoted a faster annealing rate with the SSB-complexed ssDNA than with naked ssDNA at this ResT concentration (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}).

![ResT promotes the annealing of complementary single-stranded DNA (ssDNA) complexed with SSB. (**A**) Schematic representation of the single-strand annealing assay. Annealing reactions with 'naked DNA' involve a pair of complementary 35-nt oligonucleotides (OGCB664/665) with one oligo 5′-end-labeled with ^32^P (asterisk, red/shaded line) partnered with an unlabeled oligo (black line). Addition of ResT (blue/shaded squares) to the complementary oligonucleotides induces annealing. Annealing reactions with 'SSB-complexed DNA' involves the separate pre-incubation of the complementary DNAs with a saturating concentration of SSB (green/shaded ovals), followed by mixing and ResT addition to initiate the annealing reaction. (**B**) Representative 8% PAGE 1X TAE/0.1% SDS gels of reaction timecourses of the indicated annealing reactions. The oligonucleotide substrates were present at 1.05 μM (nucleotides). When used, SSB was present at a saturating 1:8 ratio of protein monomer to nucleotide (130 nM) and ResT was present at 112 nM. (**C**) Shown are % annealing versus time plots of the reactions shown in (B). Reactions were performed in triplicate and the mean and standard deviation are shown. (**D**) The initial rate of annealing is plotted against ResT concentration for reactions performed with naked DNA and SSB-complexed DNA. Reactions were performed in triplicate and the mean and standard deviation are shown. Differences between the initial rates of annealing between naked versus SSB-complexed ssDNA were examined using unpaired *t*-tests. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001 and \*\*\*\**P* ≤ 0.0001.](gkw344fig1){#F1}

The ResT concentration requirements of annealing reactions with naked ssDNA versus SSB-complexed ssDNA were examined. In reactions with naked DNA substrates there was a gradual increase in the initial rate with increasing ResT concentration (Figure [1D](#F1){ref-type="fig"}). In contrast, reactions with SSB-complexed substrate DNAs exhibited a saltatory jump in the initial rate at the 112 nM concentration of added ResT with a plateau in the annealing rate with higher concentrations of ResT. As 130 nM SSB was used for the pre-incubation of the oligonucleotides, a roughly equimolar ResT concentration seems to be needed to promote annealing of the SSB-complexed complementary strands. Annealing reactions with the intermediate ResT concentration of 112 nM were significantly faster with SSB-complexed ssDNA than with naked DNA (Figure [1D](#F1){ref-type="fig"}). The ability of ResT to promote annealing of complementary SSB-complexed oligonucleotides was not particular to the sequence or length of the oligonucleotide substrates tested in Figure [1](#F1){ref-type="fig"}. A pair of 87-nt oligonucleotide substrates, with the same GC-content as those used for Figure [1](#F1){ref-type="fig"}, were also good substrates for ResT-promoted annealing of both the naked and SSB-complexed forms (Supplementary Figure S1).

The conserved C-terminal tail of SSB is needed for ResT annealing of SSB-complexed ssDNA {#SEC3-2}
----------------------------------------------------------------------------------------

We tested if ResT was able to support annealing in reactions where a saturating concentration of EcSSB was used to produce the SSB-complexed substrate (Supplementary Figure S2). ResT was found to be compatible with EcSSB. *B. burgdorferi*\'s SSB is clearly identifiable as an EcSSB homolog, but is 29 amino acids shorter and shares less than 30% identity/60% overall similarity with EcSSB, except in the last seven amino acids where the two proteins share (71.4% identity/100% similarity; Supplementary Figure S2B). EcSSB has been documented to interact with DNA replication, replication restart, recombination and repair functions, including DNA pol III (χ subunit), PriA, TopoIII, RecQ, RecO, RecG and ExoI, via this highly conserved amphipathic C-terminal tail (SSB-Ct; ([@B28])). Key to the documented protein--protein interactions are the conserved acidic patch (DDD) and the final hydrophobic residues ([@B28]). We deleted the final five residues of SSB that encompass the conserved part of the acidic patch and the final hydrophobic residues, to produce a mutant referred to as SSBΔC5 (Supplementary Figure S2). SSBΔC5 was compared with wild-type SSB in electrophoretic mobility shift assays and by protein crosslinking to determine if the ΔC5 deletion had gross effects on ssDNA binding affinity or SSB oligomerization status. There was little observed difference between the ΔC5 mutant and wild-type SSB (Supplementary Figure S3).

We used the ΔC5 mutant to produce SSBΔC5-complexed ssDNA for annealing reactions. SSBΔC5, in the absence of ResT, supports slow annealing of the 664/665 oligonucleotide pair. ResT promotes a much slower annealing reaction with SSBΔC5-complexed DNA than with ssDNA bound with wild-type SSB (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). At the 112 nM ResT concentration documented in Figure [2B](#F2){ref-type="fig"}, the annealing reaction with the ΔC5 mutant SSB is similar to that of the background annealing rate supported by SSBΔC5 alone. This concentration of ResT is sufficient to drive a robust annealing reaction with the ssDNA bound by wild-type SSB. Increasing the ResT concentration from 75 to 224 nM in the SSBΔC5 reactions resulted in a modest but significant increase in the initial rate of annealing (*P* = 0.0102). In all cases, where annealing of SSB-complexed DNA was supported by ResT, the reactions with SSBΔC5-complexed ssDNA were significantly impaired relative to the reactions using wild-type SSB (Figure [2C](#F2){ref-type="fig"}) suggesting that the ΔC5 mutation compromises ResT--SSB interactions that promote the annealing reaction.

![A deletion of the SSB-Ct domain abrogates ResT-promoted annealing of SSB-complexed complementary ssDNA. (**A**) Representative 8% PAGE 1X TAE/0.1% SDS gels of reaction timecourses of the indicated annealing reactions. The oligonucleotide substrates were present at 1.05 μM (nucleotides). SSB or SSBΔC5 was present at a saturating 1:8 ratio of protein monomer to nucleotide (130 nM). ResT was present at a 112 nM concentration in the examples shown. (**B**) Shown are % annealing versus time plots of the reactions shown in (A). Also shown are annealing timecourses with wild-type SSB or SSBΔC5 incubated with the complementary ssDNAs without subsequent ResT addition. Reactions were performed in triplicate and the mean and standard deviation are shown. (**C**) The initial rate of annealing is plotted against ResT concentration for reactions performed with wild-type SSB versus SSBΔC5-complexed ssDNA. Reactions were performed in triplicate and the mean and standard deviation are shown. Differences between the initial rates of annealing between SSB versus SSBΔC5-complexed ssDNA were examined using unpaired *t*-tests. \**P* ≤ 0.05, \*\**P* ≤ 0.01 and \*\*\**P* ≤ 0.001.](gkw344fig2){#F2}

ResT promotes annealing of plasmid-length ssDNA {#SEC3-3}
-----------------------------------------------

We tested if ResT could anneal ssDNA possessing complex secondary structure by assessing the ability of ResT to anneal plasmid-length DNA strands. Additionally, we tested if ResT could anneal plasmid-length ssDNA coated with SSB (Figure [3](#F3){ref-type="fig"}). Initial assays using the relatively high salt buffer (100 mM NaCl) used in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} showed little ResT-promoted plasmid annealing (data not shown). When the buffer conditions were adjusted to lower the NaCl concentration to 50 mM, ResT-promoted plasmid annealing was readily observed, both on 'naked' and SSB-complexed substrates. Under the saturating SSB concentration and low salt conditions used, SSB displays a highly cooperative mode of binding that results in ssDNA being sequestered in a 'beads-on-a-string' arrangement with SSB, severely restricting its accessibility ([@B31]). Despite this sequestration, ResT annealing of the SSB-complexed plasmid-length strands was not significantly different from the annealing seen with 'naked' DNA (Figure [3B](#F3){ref-type="fig"}). Two categories of annealing products were observed in our gel-based annealing assay, unit-length duplex plasmid and partially annealed products that produce a network of DNAs that smear up the gel toward the wells ([@B32]). A much greater fraction of the annealed products were produced as this partially annealed network when a sub-saturating concentration of ResT (112 nM) was used instead of the 224 nM ResT concentration used in Figure [3](#F3){ref-type="fig"} (data not shown).

![ResT promotes the annealing of plasmid-length ssDNA. Plasmid annealing reactions were carried out with 1.78-μM (nucleotides) 5′-end-labeled, heat denatured, BamHI-digested pUC19 DNA. SSB-complexed ssDNA was generated by pre-incubation with 181 nM SSB followed by addition, where indicated, by addition of ResT (224 nM). Annealing reactions containing only ResT were 'mock' pre-incubated without SSB addition prior ResT addition. (**A**) Representative 0.7% agarose 1xTAE gel analysis of plasmid annealing reactions. The gel migration positions of heat denatured pUC19 (ssDNA) and unit-length duplex (dsDNA) are indicated by the labels to the right of the gel. Reaction timepoints and the proteins present in the reactions are indicated in the gel-loading key above the gel. (**B**) Shown are % total plasmid annealing versus time plots of the indicated plasmid annealing reactions. Shown are the mean and variance of two replicates.](gkw344fig3){#F3}

ResT-promoted strand exchange tolerates SSB binding to the donor ssDNA {#SEC3-4}
----------------------------------------------------------------------

Our previous report of the single-strand annealing activity of ResT demonstrated that ResT could promote limited strand exchange between single-strand donor DNA and partial duplex targets by virtue of its single-strand annealing activity ([@B22]). Strand exchange is initiated by annealing of the donor ssDNA to a single-stranded flank and occurs by 3-strand branch migration within the duplex region ([@B33]). It was of interest to determine if this more complicated reaction would tolerate pre-binding the single-stranded donor DNA with SSB. The results are presented in Figure [4](#F4){ref-type="fig"}. ResT was able to promote strand exchange with SSB-complexed donor (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). Pre-binding the ssDNA donor with wild-type SSB was well tolerated. Pre-binding with SSBΔC5 significantly reduced the initial rate of strand exchange relative to pre-binding with wild-type SSB, but was still significantly higher than that observed with donor ssDNA pre-incubated with SSBΔC5 without subsequent ResT addition (Figure [4C](#F4){ref-type="fig"}). With these substrates and reaction conditions, pre-incubation of both the single-stranded donor and the partial duplex target DNA with SSB completely suppressed strand exchange (data not shown).

![ResT-promoted strand exchange can tolerate SSB binding to the donor ssDNA. (**A**) Schematic representation of the strand exchange assay. ResT promotes strand exchange between a 43-bp partial duplex target DNA (410\*/409) and a 63-nt ssDNA donor (424, green/shaded line) with 20 nt of 5′-flank homology with the bottom strand of the partial duplex target. The 424 donor possesses one nucleotide of sequence heterology (X) that falls at the ss-dsDNA junction; this suppresses the relatively high level of spontaneous branch migration when a donor without heterology is used. The top strand of the partial duplex target DNA is red/shaded, the bottom strand black and the red/shaded asterisk indicates a 5′-^32^P-end-label. In reactions with SSB, the single-stranded donor DNA was pre-incubated with a saturating concentration of SSB. ResT is added and the pre-incubation extended. Strand exchange is initiated by addition of the labeled target DNA (410\*/409). Timepoints were withdrawn into stop buffer that terminates the reaction. The reactions were deproteinated by pronase digestion prior to gel loading. The progress of the strand exchange reactions was monitored by visualizing displacement of the 5′-^32^P-end-labeled strand (410\*) from the target DNA on polyacrylamide gels. (**B**) Representative 8% PAGE 1X TAE/0.1% SDS gels of reaction timecourses of the indicated strand exchange reactions. (**C**) Shown are initial rate (%/min) plots of the indicated strand exchange reactions. The oligonucleotide substrates were present at 15 nM (2.19-μM nucleotides present as ssDNA). When used, SSB was present at a saturating 1:8 ratio of protein monomer to nucleotide (274 nM) and ResT was present at 224 nM. Reactions were performed in triplicate and the mean and standard deviation are shown. Differences between strand exchange initial rates were examined using unpaired *t*-tests. \**P* ≤ 0.05, \*\**P* ≤ 0.01, and \*\*\*\**P* ≤ 0.0001.](gkw344fig4){#F4}

ResT--SSB interaction {#SEC3-5}
---------------------

We sought to detect ResT--SSB interactions by use of an electrophoretic mobility co-shift assay (Figure [5](#F5){ref-type="fig"}). Titration of ResT into binding reactions with the 664 oligonucleotide, used as the radiolabeled strand in the preceding annealing assays, led to a progressive conversion of free 664 into a well-shifted complex (lanes 2--6; Figure [5B](#F5){ref-type="fig"}). Pre-incubation of 664 with SSB yielded a discrete SSB/ssDNA complex that enters the gels and was progressively converted into a well-shifted complex by titration of ResT into co-binding reactions (lanes 7--12; Figure [5B](#F5){ref-type="fig"}). To test if the well-shifted complexes, in the ResT/664 versus SSB/664 + ResT reactions, represent different complexes, we tested their sensitivity to NaCl concentration. The ResT + 664 binding reactions produced a wellshift that was resistant to disruption with as much as 350 mM NaCl (lanes 2--6; Figure [5C](#F5){ref-type="fig"}). Addition of ResT to the wild-type SSB/ssDNA complex, followed by incubation in buffer containing 100 mM NaCl, co-shifted 83% of this complex into the wells (lane 9; Figure [5C](#F5){ref-type="fig"}). Addition of ResT to the SSBΔC5/ssDNA complex, under the same conditions, co-shifted only 17% of the SSBΔC5/ssDNA complex (lane 14; Figure [5C](#F5){ref-type="fig"}). ResT addition to wild-type SSB/ssDNA complexes produced a co-shift that was sensitive to moderate concentrations of NaCl. Adjusting the NaCl concentration to 200 mM returned 30% of the co-shifted material back to the SSB/ssDNA complex (lane 12; Figure [5C](#F5){ref-type="fig"}). The small yield of co-shifted ResT/SSBΔC5/ssDNA complexes obtained in 100 mM NaCl conditions was eliminated by use of 200 mM NaCl conditions (lanes 15--17; Figure [5C](#F5){ref-type="fig"}). We infer from the differential salt sensitivity of the electrophoretic mobility shifts produced by ResT addition directly to ssDNA versus ResT added to SSB/ssDNA complexes that ResT has not simply replaced SSB on the ssDNA but has produced a distinct complex that contains SSB, ResT and ssDNA. Since the ΔC5 deletion eliminated most of the co-shift, we also infer that the SSB-Ct is involved in the ResT--SSB interaction needed to produce the salt sensitive co-shifts of the SSB/ssDNA complex.

![The SSB-Ct domain recruits ResT to SSB/ssDNA complexes. (**A**) Schematic representation of the electrophoretic mobility (co)-shift assay (EMSA) of ResT with naked ssDNA and SSB-complexed ssDNA using a 5′-^32^P-end-labeled 35-nt oligonucleotide substrate (664\*, red/shaded line). The end-label is represented with a red/shaded asterisk. When used, a saturating concentration of SSB was pre-incubated with the 664\* oligo; ResT was subsequently added and the incubation continued. ResT binding to naked or SSB-complexed ssDNA was assayed by native agarose gel electrophoresis followed by autoradiography of gels dried to nylon transfer membranes. (**B**) 1.5% agarose 1X TAE gel of EMSAs of ResT with ssDNA and ResT co-shifts of wild-type SSB-complexed ssDNA. Initial ResT or SSB incubation was at 20°C for 10 min in buffer with 40 mM NaCl. Subsequent incubation was at 20°C for an additional 10 min after NaCl was adjusted to a 100 mM concentration by addition of the indicated concentration of ResT and/or ResT storage buffer. Where used, SSB was present at a saturating concentration. (**C**) 1.5% agarose 1X TAE gels of salt challenged EMSAs of ResT with ssDNA and ResT co-shifts of wild-type SSB and SSBΔC5-complexed ssDNA. The binding reactions were performed as indicated for (B) except that 224 nM ResT and various amounts of NaCl were added for the salt challenged co-shifts, with the incubation continuing for an additional 10 min at 20°C.](gkw344fig5){#F5}

In order to directly visualize ResT interactions with SSB we employed a protein--protein crosslinking approach. Protein--protein crosslinking was induced by addition of glutaraldehyde to incubations containing ResT, SSB, SSBΔC5, ResT/SSB and ResT/SSBΔC5. Initial trials that used glutaraldehyde concentrations sufficient to yield a significant amount of SSB tetramer resulted in crosslinking products with ResT that were too large to enter our SDS-PAGE gradient gels (data not shown). When a sub-saturating glutaraldehyde concentration was used ResT-SSB crosslinks were readily observed (Figure [6](#F6){ref-type="fig"}). Under these crosslinking conditions, ResT on its own did not multimerize (lane 2; Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Crosslinking of SSB and ΔC5 yielded dimers, trimers and a trace of the tetrameric form (lanes 4 and 6; Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). When ResT was co-incubated with SSB a ladder of higher molecular weight crosslinking products was seen under buffer conditions containing 100 mM NaCl (lane 8; Figure [6A](#F6){ref-type="fig"}). An ∼7.5-fold reduction in the yield of these products was seen with the ΔC5 mutant (lane 10; Figure [6A](#F6){ref-type="fig"}). The results of the electrophoretic co-shift assay indicated that the ResT--SSB interaction was sensitive to a 200-mM concentration of NaCl (Figure [5C](#F5){ref-type="fig"}). The results of crosslinking assays conducted in buffer containing 200 mM NaCl were qualitatively similar to the 100 mM NaCl results for the individual proteins. Crosslinking reactions with ResT/SSB mixtures conducted in the higher salt buffer showed a greatly reduced yield of ResT-SSB crosslinks and eliminated recovery of ResT-SSBΔC5 crosslinks (lanes 8 and 10; Figure [6B](#F6){ref-type="fig"}). As DNA was absent from our protein crosslinking assays, the recovery of ResT-SSB protein crosslinks implies that the ResT can interact with SSB in solution. This is consistent with previous studies of SSB interactions with its various binding partners characterized in *E. coli* ([@B28]).

![Protein--protein crosslinking with glutaraldehyde captures a ResT-SSB interaction promoted by the SSB-Ct domain. (**A**) Protein crosslinking in buffer conditions with 100 mM NaCl (see the Materials and Methods section for details). The results were visualized by application to a 3.5/4--15% discontinuous SDS-PAGE gradient gel followed by western blotting with a monoclonal antibody that recognizes the N-terminal His-tag present on ResT and SSB. The area of the gel with ResT-SSB crosslinks is indicated by brackets on the right side of the gel. (**B**) Protein crosslinking in buffer conditions with 200 mM NaCl. The gel migration position of the ResT-SSB crosslinks is indicated with arrows.](gkw344fig6){#F6}

The ResT N-terminal domain is not sufficient to promote annealing of SSB-complexed ssDNA {#SEC3-6}
----------------------------------------------------------------------------------------

Our previous report of the single-strand annealing activity of ResT determined that the N-terminal domain of ResT, encompassing the first 163 amino acids, was sufficient to promote single-strand annealing ([@B22]). It was of interest to determine if ResT (1-163) was also sufficient to promote annealing of SSB-complexed ssDNA. As shown in Figure [7](#F7){ref-type="fig"}, ResT (1-163) was able to anneal 'naked' DNA substrates. However, ResT (1-163) was unable to promote annealing of SSB-complexed ssDNA (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). A preliminary effort to define the region of ResT that interacts with SSB was made by using the ResT (1-163) and ResT (164-449) domains in electrophoretic co-shift and protein--protein crosslinking assays (Supplementary Figures S4 and S5). Consistent with the insufficiency of ResT (1-163) to promote annealing of SSB-bound ssDNA, this domain was found not to interact with SSB. Interestingly, ResT (164-449) was also found to be unable to interact with SSB suggesting that the region of ResT that interacts with SSB must be formed by contributions from both domains or that the SSB binding site in ResT assumes an altered conformation when not present in the context of the full-length enzyme.

![ResT (1-163) promotes annealing of naked ssDNA but not of SSB-complexed ssDNA. (**A**) Representative 8% PAGE 1X TAE/0.1% SDS gels of reaction timecourses of the indicated annealing reactions. The OGCBB664/665 oligonucleotide substrates were present at 1.05 μM (nucleotides). SSB was present at a saturating 1:8 ratio of protein monomer to nucleotide (130 nM). ResT (1-163) was present at a 200 nM concentration in the example shown. (**B**) The initial rate of annealing is shown of mock-incubated reactions, reactions with SSB, ResT (1-163) or ResT (1-163) added to ssDNA pre-bound with SSB. Reactions were performed in triplicate and the mean and standard deviation are shown. Differences between annealing initial rates were examined using unpaired *t*-tests. \*\*\**P* ≤ 0.001.](gkw344fig7){#F7}

DISCUSSION {#SEC4}
==========

In this report we have demonstrated a physical and functional interaction between the *B. burgdorferi* telomere resolvase, ResT and SSB. ResT functions to create the hp telomeres of *Borrelia* through resolution of the *rTel* intermediate ([@B9],[@B12]). ResT is also known to possess ssDNA annealing activity ([@B22]). Besides promoting the annealing of free DNA strands, we demonstrate that ResT can also promote the annealing of complementary ssDNAs that are complexed with cognate ssDNA binding protein (SSB). As is the case for most previously documented interactions of SSB with proteins involved in genome replication and maintenance, the ResT--SSB interaction appears to be mediated by the conserved amphipathic C-terminal tail of *Borrelia*\'s SSB (SSB-Ct).

ResT displays RecO-like properties {#SEC4-1}
----------------------------------

Proteins that promote the annealing of complementary ssDNAs can act directly as recombinases in RecA-independent recombination. Single-strand annealing proteins can also be recombinational 'mediators' involved in presynaptic control of strand exchange proteins like RecA or Rad51 ([@B34]). Examples of single-strand annealing proteins that act directly as recombinases include the phage-derived Redβ/RecT and ERF families of recombinases ([@B37]). Paradigm examples of mediators include the eukaryotic Rad52, *E. coli* RecO and T4 UvsY proteins. Recombinational mediators share the properties of (i) promoting the annealing of complementary DNA strands complexed with their cognate ssDNA binding proteins, RPA, SSB and T4 gp32, respectively, for the above examples ([@B38]); and (ii) they aid and stabilize the loading of their cognate recombinase onto ssDNA substrates complexed with ssDNA binding protein (Rad51, RecA and T4 UvsX; ([@B34],[@B41])).

Our demonstration that ResT possesses the first property of canonical recombinational mediators raises the possibility that ResT may play a RecO-like role in *Borrelia*. Like ResT, RecO is recruited to ssDNA by an interaction with the C-terminal tail of SSB and this interaction is required for RecO to promote single-strand annealing reactions with substrates bound by SSB ([@B42]). *B. burgdorferi* is unusual in not possessing identifiable homologs of the RecFOR and RecQ proteins ([@B1]). The RecF pathway mediates RecA-dependent events that contribute to recovery from replication stress and/or DNA damage. Impediments to replication fork progression have different consequences depending upon whether the impediment occurs on the leading or lagging template strands. The replisome can often skip over a lagging strand lesion, leaving in its wake a daughter strand gap ([@B43]). Impediments on the leading strand can cause arrest of the replication fork ([@B44]). Studies of the genetic requirements, in *E. coli*, of repair of damage caused by UV-irradiation have revealed a role for the RecF pathway both in promoting recombinational repair of daughter strand gaps and in contributing to replication fork processing events that stabilize arrested forks. This allows for rapid recovery of replication after fork arrest ([@B45]). In both cases, RecFOR mediates the loading of RecA onto gapped DNA bound by SSB and the DNA pairing activity of RecA is used.

*B. burgdorferi* is highly unusual in not displaying increased sensitivity to UV-irradiation in strains mutated for a host of recombination and repair functions, including RecA. The only system that has been identified as needed for recovery from UV-irradiation is the nucleotide excision repair system ([@B48]). Additionally, many recombination and repair functions, including RecA, are not required for the gene conversion reactions that drive antigenic variation at the *vlsE* locus, though a strong requirement for the RuvAB Holliday junction branch migrase implies some variety of strand exchange reaction is involved ([@B49],[@B50]). The most extensively characterized antigenic variation system in bacteria, *pilE* switching in *Neisseria gonorrhoeae*, is dependent upon RecA action in the RecF pathway ([@B51],[@B52]). Either these processes are fundamentally different in *B. burgdorferi* or there is a functional alternative to the RecF pathway present. We have previously shown that ResT can promote limited strand exchange reactions between ssDNA donors and partial duplex targets ([@B22]). The finding, in this report, that ResT cannot promote these reactions when the ssDNA present in both the donor and partial duplex target DNA is bound by SSB suggests that ResT function may be limited, *in vivo*, to single-strand annealing reactions and possibly mediator function. The product of the *λ orf* gene suppresses *recF, recO* and *recR* mutations, demonstrating that RecFOR functions can be provided by a single protein ([@B53]).

Further studies will be needed to establish the degree of specificity of ResT for the chromosomal SSB used here and to establish whether the RecO-like properties also extend to ResT mediating the loading of RecA, or other recombinase, onto ssDNA coated with SSB. A related *Borrelia* species that causes relapsing fever, *Borrelia hermsii*, possesses a plasmid-encoded SSB with homology to the *B. burgdorferi* protein studied here. Therefore, some *Borrelia* species or strains may harbor multiple SSB variants ([@B54]). Similarly, tests for mediator function in recombinase loading will need to take into account that *B. burgdorferi* possesses not only a chromosomally encoded RecA but also multiple plasmid-encoded copies of an ERF family recombinase ([@B1],[@B2]).
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